In this study, a computational model elucidating effects of cytosolic metabolic processes on cardiac metabolism and excitation-contraction coupling of an atrial cell is developed. Kinetic 
Introduction
Computational models of cardiac metabolism developed in recent years for mammalian species have either focused on the ventricular cell [1] or only on the electrophysiology of the atrial cells [2] . The atrial cell differs slightly from the ventricular cell in terms of structure and nature of its ionic currents [3] . In addition, the T-tubules in ventricular cells penetrate and transmit action potentials and calcium (Ca 2+ ) deep into the interior for excitation-contraction coupling [4] . But its absence in atrial cell leads to inadequate propagation of Ca 2+ released from the sarcoplasmic reticulum, hence leading to failures of excitation-contraction (EC) coupling in central regions of the atrial cell. Such differences in structural and ionic build-up have been reported to cause changes in membrane currents [5] , this suggests that bioenergetics in the atrial cell might have different roles on EC coupling.
Adenosine triphosphate (ATP) is the currency for cardiac EC coupling and it is synthesized in the mitochondria by a series of Ca 2+ sensitive dehydrogenase reactions [6] . The substrate, acetyl-CoA that initiates these reactions is provided as an end product mainly from glycolysis. Whereas the dehydrogenases exist freely and catalyze mostly unidirectional reactions to produce energy in the mitochondria, glycolytic enzymes in the cytosol exist in supramolecular complexes and catalyze mostly bidirectional reactions leading to energy consumption [7] . Several computational models have been constructed to study and explain these processes. However; current models linking glycolysis to mitochondrial dehydrogenases [6, 8] do not explicitly account for all the enzyme reactions in the pathways. Therefore, atrial metabolism and its effect on cardiac bioenergetics have not been properly characterized. In this study, we present a computational model (Figure 1 ) elucidating the biochemical processes that lead to stable cardiac metabolism. By focusing on aerobic substrate oxidation and ATP synthesis in the mitochondria, we study the energy demand-supply balance to investigate the effects of glycolytic reactions in the atrial cell on cardiac excitation-contraction coupling.
Methods
Our model was compartmented into the cytosolic and mitochondrial domains, with single energy (ATP) pool. Descriptions of metabolic processes of our model use michaelis-menten equations. The metabolic rates were defined by twelve ordinary differential equations (ODEs) solved with the C programmed integrator, CVODE. Glucose enters the cytosol through the glucose transporter. This inflowing glucose quickly undergoes phosphorylation and gets converted over the series of steps terminating at pyruvate. This end product is then transported by the pyruvate transporter into the mitochondria, where pyruvate dehydrogenas e (PDH) oxidizes it to acetyl-CoA which combines with oxaloacetate to initiate dehydrogenase reactions resulting in cellular ATP production.
Due to reversibility in some glycolytic reactions, the enzyme rates in these reactions were defined as in equation 1, fulfilling laws of mass action and thermodynamic equilibrium. Reactions catalyzed by phosphoglucoisomerase, triose phosphate isomerase, glyceraldehyde 3-phosphate dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase and enolase were modeled in this form. was incorporated into the denominator of the equation;
where [ ] is the concentration of the product and is the inhibition constant. Glucose uptake into the cytosol was modeled as in Bakker model [9] while pyruvate transporter was modified from Teusink model [10] . For both transporters, passive diffusion was assumed. However, to model the membrane impermeable transport of cytosolic NADH to the mitochondria, the carrier mediated malateaspartate shuttle in previous study [11] was modified and integrated.
Results
All integrated substrates in both cytosol and mitochondria attained steady state within the first fifty seconds of simulation and maintained this peak throughout the simulation time (Figure 1 ). The stability in dynamics of metabolites and ATP satisfies the demand-supply balance of energy in the cell under physiological conditions. Under this state, the energy produced from cardiac metabolism is used for mechanical work, ionic homeostasis, signaling, and synthesis of various cellular molecules. Therefore, any unwarranted alteration to this metabolic stability leads to changes in the electrical and mechanical activities of the heart which may cause various cardiac disease conditions. Theoretically, cardiac work rate should be minimal and fairly stable during rest, as is also predicted by our present model, however, in cases of shock and sudden fright; cardiac energy demands are abrupt and requires immediate response. Our model simulated both conditions and the results for the glycolytic and TCA cycle substrates responses is as presented in figure 4 and figure 5 respectively. Rest and exercise or fright conditions were simulated by dynamic switch of cardiac pacing frequency as described in Figure 4 , the 0.25Hz corresponds to normal pacing of the heart, while 2.0Hz represents exercise or fright condition which results in increased cardiac workload and energy demand. The increase in glucose transporter rate is reflected by the increase in glucose concentration while all other glycolytic substrates concentration decreased (Figure 4 ). This glucose dynamics agrees with experimentally observed results in guinea pig heart [6] , and in spontaneously hypertensive rat myocytes [12] .
When the work load increases, energy production decreases as shown in Figure 4A and cardiac efficiency reduces. The decrease in the efficiency of utilizing energy for mechanical work affects the potential of the heart to perform ionic homeostasis because the mechanical work of the heart and its ionic homeostasis are strongly linked by a complex set of electrical and biochemical mechanisms [13, 14] . Therefore, a sustained pacing of the heart at a high frequency over a longer period might result in a cardiac collapse descriptive of cardiovascular disease conditions like heart failure and atrial fibrillation. When the work load increases, a large overshoot of mitochondrial NADH in our model may be a result of the parallel activation of the malate-aspartate shuttle integrated in our model but absent in previous models [15] . The activation of the NADH shuttle increases the proton influx from the cytosol, hence, the reduced undershoot and relatively larger overshoot. 
Conclusion
In this study, we presented an integrated kinetic model of cardiac metabolism in the atrial cell and simulated the impact on cardiac bioenergetics. With a normal cardiac pacing frequency of 0.25Hz, our model reproduced steady state dynamics for all cytosolic and mitochondrial metabolic substrates. Further contributions of this study include the quantitative evidence of parallel activation of cytosolic and mitochondrial metabolic processes during abrupt dynamic switch of cardiac workload. Model simulation of experimentally observed increase in intracellular glucose concentration and decrease in ATP concentration upon increase in cardiac energy demand
